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bar resomater if ct the ceater of tha Pigore, asd obowe it ie o tebaler roson~ 
ator which Jo weed tur testing ceranic rings re thy vould be cpplied ime loa- 
gitedinal vitretor. In the forecrowd ore sos carcuaic samples, som before 
and ecu after toot: ug. 


SPARS KRASUTRAMERS MOMIODS 


Tho maim problim ip this work wean to obtaly An accurate meaguremont of the 
etxeeg at which follme occurred. tho moet appontiag aepprocch for rapid unl 
comventont testing was to mons the displecerent ct tho end of the resonstor, 
weing the capacitive pickyp peeaviowly illustrated, and derive the stress fras 
this deta. Pee o staple hoalf-awe resosstor the eniction et the top of Figure 3 
gives the relution tetweoan the mrwes <t the center (To) ond tho Gisplacememt at 
the emt (io,). Modification re wed of thio fotimla for the composite aetal 
cereaic structure sre compidawed da the Opyondin. cand thoy cre found to bevo 
regligible effect in tale apart. 


The civeult of the capecttivw pickup ia leo shovun ia Pigoe 3. A ohont 
costanser (C.) iv med fn porallo) with the vibreting cepaciter to miniwtre 
tha effects af otray capcelty and reduce the verwitivity to « conveniom. vebwre 
We adsyted this electrogtstic tesunéacer Co obsolute marsuronembs, calculet- 
ing ite sansitivity frie tho meccured cep Jongth,, pokurtole: voltage, ond cap- 
acities, Repesterility cf the displ acawent mscowesent wis vbout + 1, the 
primcipe2 ward:tion betmy in the ssnourewest of the gup leegth. This error 
could te redwcad by vetting whe gop electrically, cad wo will cdopt tists wy tied 
vos we oBtaie wore soyhlacotet vlectronics omployleg a aut. rather tla a doc. 
carrier, 


For a maw direct measurasian.t of wtresy, 2 raeiotames wire struiw gouge 
wee mounted om the cteol rosometor edfacemt to thm ceanmic. The ctrewlt 
employed is ahoun at tw sight on Figura 3. For the ber recowrtor tae remglts 
vere within Pi of thoes obtediwed froa the copmcitive picky, bat for Uae tube 
yooommtas the strain giego comviotently gavo values 1.6 times as groat ap thao 
from the cepacitive piokup. YO vac cogeluded that the tube did wot act ao a 
aimple loagitudiaal mumonctor, evar wiough ite length to diver rutio uns 6 
ana ite tonpaatial dispiscansat, op Ronoured by o phomogxraph picky slog its 
lemgth, 424 mot @ifier appreciehly fren e wise veto. The otrade gowmxe wou nod 
coswentiest for routim meowemrts, but tho comraction rnetar witch it prorided 
wes epnlied be oll dota obbuimd of tha tube recotetors vith the capacitive 


pichyp. 


While the too neavurewwt mothods demcribed above vere the emi ome une, 
A suber of othor eothode verw ocqpnciewmied with to check the validity of tha 
rooultes. Fhe displicowent af th od of the revoweor vos Chached optically, 
initinlly by direct vievlng through « wicrorcopa oak later by optical tater ~ 
forwace matheds using om imterforacter. The micfoscopo uacoorament af dis~ 
placement comPMixued the cupacttive pickup reoultv both for tho tube agi the 
bar reecpatow, though the ostim:tad cecuracy obtaizeble with ths microscope 
wos Bot wary High. fhe Urteriimemeter eas weed vith the bor resomtor ap show 
in} gare &, As accoleromwter wo cified Bo tho abd of tha tur to monitor the 
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wibration caplitxde, and ths mirror for the interforometer vas temporarily 
affiand to the top af the acceleremeoter. When tho capacitive pickup ves again 
uesd, the mirror van remeved and o correction for its meas wos applied to the 
accelercemter calibration. Tho interferometer results egreed vith the capaci- 
tive picky resuite within the lntter’s accurecy cxpectetions. 


The otreos at the center of the nesuinttor was checked yith a plexzoceremic 
Yoxrcte gnuge. This copeieted of a thin baviem titanate plete which vas incor- 
porated in the resonator sanivich between the driving cerenic and the steel. 
The ceramic plot: wao 1/&" thick and was a:2wlar shaped for the tube resonator 
and circular for the tear resorvator. The elactromechanict] circuit and sensi- 
tivity equation for the force gaugo is chow in Figure Si. The compliance of 
the ceramic pleat? may be compute] from the cuter] properties with adequate 
accuracy, end tis other peramstero of the surnitivity equation can be measured. 
be clectromectenical ratio EH} vas daterainnd statically by subjecting tho 
resorator to lonsitulicgal). presouce in a hyéraulf{e press and measuring the wolt- 
ag: dovelosped across & lange otorage condenve: with on electrometer when the 
preasure «ao releacad. ‘Who calfoyvation of ihe reciatenc®. strain gauge was algo 
checked in thie arty. fn independent estinete of Ny wao dexived from dynamic 
meagoureaents off the 15] pianceloctric constany of the plate; since the relation 
433/03) = 2.69 holds Patrsy veli for the ccvenic employe ivrespective of its 
degree of polarisation, 033 could be catiinn ea and fron this value and the 
Aicensionn of the plate ua cculd be celenlor 


When an average voc token of the static Hy and the dyrenie Ny to obtain 
the force ghuse constent, the veavlting merzourerents cf streso agreed with tho 
resistence atrain gauge cesulic within 10% var both the tude and bar resonators. 
These various checks gat contidesce to the belies thot both stress and dis- 
pigcenmens were badng peanured accuretely anil thet the allure of the stress and 
Moplicentnt data to gibo in che case of tha tube resomitcr was dwe to some ur- 
kro faative of the rode of vibration, 


Acotier my ncs Which weno tried ens to calenJole the stress from the voltag: 
ay plind to the tascrator, using ite measured equivalent civcnit paremetera. ‘Fh 
gloetromstingie: lt cireutt and the equetion for streas arm given in Figure 5B. 
Thug wthed wag not conaidored €eairable Yor goneivsl use because of ita indirscs- 
woe and Secews ary non-Lincar charactorinticoa of th: equivalent circuit para- 
mitecs vould leu te incorrect reoultos ct high otveas l¢evols. The possibility 
Oo. neo-linwer doping or of non-linear Joint compliance comainiy existed, but 
Yoo checkung tt» other mythedy 314 was outiictent co run thio experiment et low 
62.06 leresis, 9% @reathly above tie Tews at ubich the equivalest circuit 
movaistbers vor. determina. The atvese dolerminc’| by thin sethod vae in fair 
aposemeat nor a ieee with that detovwined by tha ecpocitive pickup method 
Soe doth fw ties ard tha vad reasouster ‘hus, (isa netind Madled to detect 
tor Jorge oveor cou exhated in the cacec tive pickwy Cesormination of stress 
in the tele vetosater, aa reveaied ty tho chrady gouge mennicessnt. This was 
he bo exprcted since doth the copacitere roiciup cothod anal the equivalent cir- 
ce othomathod cae essed er Che securmiton tac: the iseda ef ‘ribratioa coo to 
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RESULTS OF STRESCGTH TESTS 


Tn tha tes* program to date we hve driven these resom:tors to failure 
atout 80 times. The cleaning procedure prior to bonding in this initial vork 
wea rather rudimentary: The cerauic pioces were scrubbed in acetone for about 
tvo minutes and the metal surfaces vere wipsd with acetone. The pressure 
applied during bonding wan juot thet due to gravity, vith the resonators stani- 
ing vertically. 


The failures vore classified into three main categories: Ceramic breala, 
bond breaks, ani mixed bond and ceramic breaks. Figure 6 shows the date on 
tie ceramic breaks, encaonpacsing three different types of samples. The rings 
wore 1/2" wide ty 1/2” thick by 3-3/8" diameter and wee fabricated at the 
Underwater Sounx: Laboontory. The diske were 1-1/@" in dlemster, and the 1/2" 
diexs wore fabricuted sat USL, while the 1/?" dinks were of comercial manufac- 
tures. The ring: wre cew3nted to common steel, woile the disks vere comented 
to stainless stcel. The data in the fourth colin of the Table, labeled 
Epoxy I Bere, s.7 cbtained on rings which were oloctroded for redial ficld 
excitation; thi. permittod their bonding ourfaces to be frec of silver. Far 
all other samp).cs bonding wes done to the silwered surfoees of the ceramic. 


The cement Iieted in the last columm is x8 proprictary cyanoacrylate 
monomer which is very fast satting acd produces tiin bond). Bond thicknesses 
4u the 2 to © mil. range were obtained with the epoxy cetents, except that the 
data in column 3, Jebeled thick joint, 19 for a conent ayer 1/16" thick. This 
large thickness yao obtained oy using a fev onal] npecer viocks of cured epoxy 
in the joint. Since ceranie npolavizec in silicone ofl had ind a sbop reputa- 
t:.0n of being diffacult to cemont, wo dneluded somplep of thia type (columns 
2 and 6). During cleaning these samplos wore coated in acetons for @ longer 
rericd than the others, 


Since all of the data sn Figure 6 are for pure cerumic vrenke, the vart- 
ableo of the cerenting procedinca are not veally relevant. cxcept the curing 
tumperatcra which ray covse preetreaging ot the coramic. The epoxy cenmenta 
wore cuted in toe Semperstive range 65-759 C. Uh cyavuacrylste cement, on 
toe other hand, in pe room tempevatwre curing adhesive, and che fact that a 
aneber of cetun ic breake vere obtained with this comeat sugvests that the cur- 
fuga temperatura nocd were not a dantinant factor in limitics ceremig strength. 
Tire data reveals no prorcuccad diffarcnras in strangti: betvoea rings and disky . 
betwren 1/2” and 1/8" dicks. or hetyweon US), end commerce tel covamie, It algo 
qidicaters tat wlarteaticn im silicoae of. a ute of winsrally thick joints 
dces vob userecasiig preclude echiorermat of bond streriockh ag great oa the 
averogy ceramic pevongti:. 


Payure yo, ceoonte éete on hood eveaiings, where the cosmic emerged 
wepcathea. Sho cy mencryl.ce cement wopecowd to onflsr cohisive Peilure. thet 
is, @ tan lnye yoradined em cach Gurcace ter cicaevage. Vith the epoxies, 
or lor o.ber ted. Sailae of cchneoion st She coyluie curfic? occured. It on 
mics. Lal tote lppt ad fesdare contd hb Tousensd br io soved cleaning pro- 
crouse aud Sores core vy hbo ced Gn thet -divectuorn. ie e Low cnees poor 
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edbeston of the silvar clactrodas contributed to thera brenks; in fact, sous 
electrode fatlur:s vere oxzperienced at stresses well below 1000 p.a.d., Dut 
theese ssuples ware discanied as chbviously defective. Silver edbesion was not 
commonly tho weak link in the joints Pigure 5 indicates the ability of the 
electrodes to hold when tha ceramic could not survive. 


The date af Figure 8 tu for brenks where a aubotansial part of the ceramic - 
broke eway and mained! with the metal momber. Past of tha break waa along the 
Glue ine; so imprownl cleening night. reduce this type of casvalty. 


Ap epoxy conent wittch cured at 190° C vas tricd bricfly, aince ite reported 
strength {s gresier than timt of the eponins which cure at lover temperotures. 
To @roid cooling ths ceraaic thrceugh its Curie point (vbure z large strain 
cccure) lead titarste zirconate rather than barium titannte we used, and the 
cauples vere of tte ring type. ‘The thernal stresecs proved excessive , with 
the: caranic freciueing before the altermting etrece could be raised to a 
téaqgurable level. Next dovar buffer rings 1/2" thick weve telded to the steal 
tubes, and tha PLT cerenic was comented to tho invar surfacce., This efrort at 
alleviating the therm) stresses proved insufficient, and the cexmartc again 
broke af low atress. 


In another experisent, an attemmt wee cade to climtnate thermal stresses , 
thile weirg the Sresy I caxont, vy employing a roca tenpiwture cure of eight 
cays dinmutiaga. Tre risg aguples were used and the fetlures occurred at 2400 
enc $200 vr.8.4. Sowever, the failures vero of the bod braak type (Figure 7); 
co tois expeximent to icconcluotwes, 


ORCLUS ICES 


Jurcarising we note thet the average ceramic stronth in these teats was 
cbent ehoOo p.c.d. Phin fe only sbont one-fifth thes ox en early published 
waiue for bard titenste, whied wee derived from static Duending teate.© Since 
porer jo pr EOPOH s: AT to tha square a? the slioable aivuss, thin difverence 
tes great significa in free sducer deaign. The Low strengsts of the cermaic 
exphsaizes Sto tapes auen os _tnchuding wechinical o1az oa in tranoéucer 
Gesigcs vlenevor (eauibla, Xnprovemnts du cerawic foowleatsos techniques are 
nende’a Waleh wth ly ie nld a otrotger moterial At peosent deproved certuaic atrength 
AW TOL Wheat y seeded then Ampreved adhiusive strenuth. 
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The equaticn relating stress and displacement given in Figure 3 is for se 
resonatar of horogenecus xaterial. 
tion to the metal a inyer of ceramic and two thin layers of cement. 
layers are so thin comparnd with the total length of the resonator that the 
Simple equation of Figure 3 comtinuss to apply quite vell to this composite 
resonate:, This corcluaion requires verification, hoverur; so the sore com 
piscated equations which do not neglect the effect af the different layers 
ore prvsented and tllustented du low. 


Actually the resonator conteins in efdi- 


Bince the resonator is nywectrical about its cerrte: {t is sufficient to 
cemnider only the balf a! ths reacnator to thn right of the nodal plane, as 


akovn beiaw. 


Assimiitg, plano vere arepegaticn tn the dar, the besaic equations required ere: 
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The atross ami displaceammt equations may be uoed to dexive the folloving 


rolationsa for the etreas ut the various boundaries in terms of the displace- 
went at the free end, Sy, : 


Te WES Cot 62, Cos Fs ee 
1 Conl)- 1) cea (kd, 8.) 72 


we Sa Me Se Sen Sa ar 
Cos (KD — wa) ~ 
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The material propertiag required are: 


Becium Mtenate ; C = 4500 m/e Cc. = 2,25x107 
(Ca.ciwa additive) Sars 

Stainleso Steel : C # 4930 m/s Po @ 3,03x107 
{fypa 30) “Bec. 


We will consider Piret a vanishingly thin band and will determine the 
wifect of a 1/2" thick caramfe piece on the strose-~disylacemeat relation for 
‘she Dar rogonalur. Try resonant fesgrey for very thin vosds (and 2/2" 
acaplen) wes found to be WS ec. ps. Applylog tho equatims above to this 
case ve have: 
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The denaity of a block af cured Epoxy I vas measured ani found to be 1710 . 
The 


Yam 8 = - SST (k,9-74) = .s16 dami.sss 
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fim result ia Ce = AAO a/s. 


Before calculating the stresses ve recheck the valucs of the required 
yarumstere end cdtain: 


kK,), = =01N8 Kade 03h SaCa mw blo! 
Tan 52.2 35 3, = 2.568 “Lande 6.75 Yy = Leb 
Then the stress equations are: 
- Coa 3 © awe se! 
eds se la aN aes 


Saree 
Say dwik,2, | coe kD, + aimk; 9, “tam, | 


= ETF We, ey = 466 Cala 
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Whias the 1/16" thick bom cnuned m very noticeable chzus: ip rteonant fre- 


quency, it ciamed tae struge to differ but it frea that given by the simple 
relation of Figure 
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identification ot Adhesivou: 


ae ant 


Cyancacryate Monomer ..... Rartmarn 910 

Bpany Loewe veceseccoeseyss Arnatrong AQ with Activator C 
Bpoxy JI co veccsccseceeves Bpan VI 

Epoxy ITT ..eces eee veces. Spon 82H 

"Spoxy cured at 150° c" .. Avaldite AN-1C6 
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STRESS ~ DISPLACEMENT RELATION 


aa Gp, = angular resonant freq. 
To ecu, 6, CC = Spec. acous. Impedance 
‘ of metal 
CAPACITIVE STRAIN GUAGE 
DISPLACEMENT TRANSDUCER CiRcvIT 
op Ht ort 


C, jC 
sk Slee Ep Sty, | 


act plate capacitor Rea Quage SR-4 
with gap X, 500 2 


displacement; 
@ 
5 = Xo Cots e 


EC: 
FIGURE 3 
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XA, = thickness of 
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B. ELECTROMECHANICAL CIRCUIT OF RESONATOR 


FIGURE 5 


ERT 
Bs eee 


Pimmemtieenneiee ape a 


+ ate aennerencenapltae BARRE 


55 dia ek coeeabe  hex'ns ru Sanh serene acln esto aes inc P SAA Seno eicmis oS dodo alg ala ba anne Sac Vass sano! le 6b, cuaniceo (eomwgin's St 


CERAMIC BR EAKS 


Fatlure Stress 


Ps.i. 
OOO 6a ete Se 


Epoxy I Epoty I Epery I Epoly 1 Epoxy I 
Silvered stlvered silvered 


cof) joint 


FETT RT EN EE TE TT Te EN UE TTT EPUT a7 OAC PE PE 


on oe ee a ae em ee en ene Ot ow 


x-¢"rings o-s"disks A-Y disks 


ee ae ee eg 
otx a 
3000 4+— og Kee 
x x 
xx x 
x x A 
2000 + --- SA — eee eee A ae 
e Ke x x hits 
xx , 
O06: deca a es ee ee ee 
ry 
re) ee Siete, Sa See. Salto Sabla Gao Pees. ee ee ae 


Cyano- 
bare  silvered abel 
Silicone thick Silvered 


Silicone 
oil 


wren ett ne cee ete ee ete oe Renee reed 


FIGURE 6 
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